Non-polar ZnCdO films, grown over m-and r-sapphire with a Cd concentration ranging between 0.8% and 5%, have been studied by means of slow positron annihilation spectroscopy (PAS) combined with chemical depth profiling by secondary ion mass spectroscopy and Rutherford back-scattering. Vacancy clusters and Zn vacancies with concentrations up to 10 17 cm À3 and 10 18 cm
I. INTRODUCTION
ZnO has attracted much attention lately due to its outstanding optoelectronic properties in the ultraviolet energy range. 1 The band-gap of CdO is only 2.16 eV at room temperature and by adding Cd to ZnO, the band-gap of the alloy can be tuned in a wide energy range. In Zn 0:93 Cd 0:07 O films grown by pulser laser deposition, a band-gap of 3.0 eV has been reported, down from 3.28 eV in pure ZnO. 2 Still, there is a big widespread in the band-gap values measured by optical absorption 2, 3 or photoluminescence. 4 The low solubility of Cd (the thermodynamical limit is 2%) remains the main problem to overcome before homogeneous ZnCdO films necessary for technological applications can be built. The large ionic radius of Cd 2þ (92 pm), as compared to 74 pm of Zn 2þ , increases the elastic energy of the alloyed lattice. In addition, the different coordination number of Cd in rocksalt CdO and Zn in wurtzite ZnO affects the electrostatic energy of Cd Zn . The phase diagram of the ZnO-CdO system is not yet well understood 5 and the formation of domains is difficult to avoid. 4 Alloys with Cd fraction up to 70% have been obtained 3, [5] [6] [7] where rocksalt CdO domains are not created. In metal-organic vapor phase epitaxy (MOVPE), non-polar ZnCdO films up to 8.5% of Cd can be introduced before domains with different Cd contents are observed in high resolution X-ray diffraction (HRXRD) measurements. 8 Nevertheless, in MOVPE ZnCdO thin films grown over c-sapphire with a ZnO/GaN template, the formation of nanodomains of wurtzite ZnCdO with different Cd fractions has been reported. 9 In non-polar ZnCdO films, the problems due to the polar character of Zn(Cd)O, 10, 11 like spontaneously generated electric fields or the increased concentration of defects near the interface with the substrate, are avoided. 8, 12 In this work, the effect of introducing Cd in non-polar MOVPE ZnO films grown over m-and r-plane sapphire with Cd atomic fractions ranging up to 5% is studied by means of slow positron annihilation spectroscopy (SPAS) and a combination of Rutherford backscattering spectroscopy (RBS) and secondary ion mass spectroscopy (SIMS). SPAS is specially well suited for the study of acceptor type vacancies in thin films and SIMS in combination of RBS is capable to measure the Cd depth profile in detail, specifically in the vicinity of the ZnCdO/ZnO buffer interface.
II. EXPERIMENTAL
Non-polar ZnCdO samples were grown at 380 C using a MOVPE reactor operated at atmospheric pressure. Part of the alloyed films were deposited on r-sapphire (R0, RB1, RB2), while the rest were deposited over m-sapphire substrates (M0, MB1, MB2, MB3) without any previous chemical or thermal treatment. Films R0 and M0 were deposited directly over the sapphire substrate, while films MBx and RBx were deposited over a ZnO buffer layer of around 800 nm in order to prevent the appearance of zinc blende ZnCdO phases or pure CdO domains. In addition, a ZnO film of around 1 lm was deposited over r-sapphire. Films grown over r-sapphire have a-plane [11 20] the films grown over m-sapphire have m-plane [10 10 ] orientation. 13 A HRXRD measurement of the 2h $ 56:6 peak corresponding to [11 20] in ZnCdO grown over r-sapphire shows that more than one phase with different Cd contents coexist when [Cd] > 8.5%, while in samples with lower Cd content the existence of domains could not be observed. The peak corresponding to the phase with higher Cd content is wider (full width half maximum (FWHM) ¼ 0:45 ), an indication that it has lower crystalline quality. More details about the growth process can be found in Ref. 8 .
The SIMS intensity versus sputtering time was measured employing a Cameca IMS7f microanalyzer. An area of 125 lm Â 125 lm was bombarded with 10 keV O þ 2 ions and Cd þ ions were collected from the middle of the crater. The depth of the crater was measured with a Dektak 8 profilometer and the measurement depth was obtained assuming a constant erosion rate. Cd concentration values were calibrated by RBS employing 2 MeV He þ ions backscattered into a 170 direction relative to the incident beam direction. The Cd content in the plateau and the main features of the films are resumed in Table I .
Slow positron Doppler broadening experiments were performed at room temperature with a monoenergetic positron beam using energies between 0.5 and 38 keV.
14 The Doppler broadening of the annihilation radiation was detected with two Ge detectors of 1.35 keV resolution in the annihilation peak. The data were analyzed using the conventional S and W parameters, defined as the fractions of counts in the central (S; jE c -511 keVj 0.8 keV) and the "wing" (W, 2.9 keV jE c -511 keVj 7.4 keV) parts of the annihilation line. The normalized S and W parameters were obtained using the values in a ZnO reference sample without acceptor type vacancies (S ¼ 0.42, W ¼ 0.073). More information about the experimental setup can be found in Ref. 14. Positron lifetime measurements were performed using a pulsed positron monoenergetic beam working in the 0.5-18 keV energy range at room temperature. 15 The full width half maximum of the pulse was 150 ps and the resolution function was composed by three Gaussians. The annihilation radiation was collected with a BaF 2 detector coupled to a fast photomultiplier. 15 More than 10 6 events were collected in each spectrum. The lifetime spectra were decomposed using three lifetimes (n(t)¼ P I i =s i exp½Àt=s i ).
The longest one corresponds to the annihilation of the positronium created mainly in the surface, while other two come from annihilation inside the sample. The concentration of the main positron traps has been estimated fitting the experimental data to a two defect trapping model. 14 The positron average lifetime s 0 ¼ s À I 3 s 3 (the average lifetime where the longest component has been subtracted) and s 1 are
where k b ¼ 1=s b is the inverse bulk lifetime and j v and j cl are the trapping rates of the Zn vacancies s v and the vacancy clusters s cl , respectively. The trapping rates j are related to the defect concentration ½V through the relation
where N A ¼ 8:3 Â 10 22 cm À3 is the particle density of ZnO and l v is the trapping coefficient of the defect.
The S and W parameters inside the buffer have been obtained from the experimental S and W parameters using a model of implantation and annihilation of slow positrons in semiconductor heterostructures with short positron diffusion length 16 to subtract the contribution from the ZnCdO film. The samples have been divided into three regions: the ZnCdO film, the ZnO buffer, and the sapphire substrate, and the annihilations parameters are assumed to be constant within each region. Monoenergetic positrons are implanted according to a Makhovian profile which depends on the kinetic energy of the positrons and the mass density of the sample. The positron distribution at the annihilation moment is well approximated by the implantation profile when the diffusion length of positrons can be neglected. The annihilation parameters for positrons of certain energy are the weighted sum of the parameters of each region, where the weights are given by the probability of annihilation in each region. To avoid any influence coming from positrons annihilating in surface states, the parameters of positrons with implantation energies lower than 5 keV are not included in the fitting.
III. RESULTS AND ANALYSIS

A. SIMS
The SIMS measurements of the ZnCdO films are shown in Figure 1 . Most Cd forms a plateau with a concentration of $10 21 cm À3 within the ZnCdO film with a thickness ranging between 0.5 and 1.2 lm. The Cd concentration in the plateau of each sample is proportional to the mean Cd concentration. The sample having the lowest Cd concentration, MB1, also has the lowest Cd concentration in the plateau, while, samples RB2 and MB3 have the largest Cd content and the higher concentration value on the plateau also. The plateau finishes 0.8-1.2 lm before the buffer-substrate interface, in good agreement with the buffer thickness ($0.8 lm). In the samples grown over r-sapphire (a-ZnO), the plateau reaches the end of the ZnCdO film while in the samples grown over m-sapphire (m-ZnO) the plateau ends $0.35-0.4 lm before the end of the film. At larger depths, the Cd concentration drops abruptly till it reaches $10 18 cm À3 . The tail region extends 0.3-1.3 lm in the samples with substrate. Knock-on effects during the SIMS measurement are negligible and they do not affect the shape of the tail. The effective diffusion length of Cd has been estimated to be 0.1-0.2 lm and it is dominated by the interdiffusion of Cd and Zn during the growth of the film. 17 The length of the tail correlates with the thickness and the growth time of the ZnCdO films, indicating that the diffusivity of Cd beyond the plateau is the same in a-ZnO and m-ZnO. In samples without buffer, R0 and M0, Cd cannot enter the sapphire substrate and the Cd tail is shorter (0.1-0.4 lm). In these samples, the Cd plateau reaches the substrate (R0) or finishes at $0.35 lm from the substrate (M0). Figure 2 shows the S and W positron parameters of the ZnCdO films, the bulk reference ZnO and the MOVPE ZnO film versus the positron implantation energy. At implantation energies lower than 5 keV, a fraction of the positrons diffuses back and annihilates in surface states resulting in high S and low W parameters. At energies larger than 15 keV, the positron parameters in the reference sample are almost constant and equal to the bulk value (S ¼ 0.42, W ¼ 0.073). In the MOVPE a-ZnO film, the S parameter is also approximately constant between 5 keV and 15 keV (S ¼ 0.44), while the W parameter shows a bump at W ¼ 0.063 which corresponds to positrons annihilating in Zn vacancy related defects with a concentration of 7 Â 10 17 cm À3 . At energies higher than 14 keV, positrons start to annihilate in the sapphire substrate (thickness d $ 1.4 lm) and the positron parameters decrease till their value in sapphire (S ¼ 0.407, W ¼ 0.060).
B. Doppler broadening PAS
The positron diffusion length in the ZnCdO films, estimated from the fraction of positrons with E < 5 keV diffusing back and annihilating in surface states, 14 ranges between 20 and 30 nm, typical values for ZnO films. Positrons annihilating with energies between 5 and 15 keV have S parameters larger than S ¼ 0.439, the value of Zn monovacancies, 18 in all samples except MB1. W parameters are also lower than the corresponding values for the Zn monovacancy (W ¼ 0.058). The high (low) S (W) parameter values within the ZnCdO films are due to annihilation at vacancy clusters of larger open volume than the isolated Zn monovacancy. The size of the vacancy clusters will be estimated below during the discussion of the slow positron lifetime results. The film with the lowest Cd content, MB1, has also the lowest S parameter, comparable to the value of the ZnO film, and its W parameter is the highest among the ZnCdO films. Moreover, in MB1, the concentration of vacancy clusters is the lowest among the ZnCdO films and a larger fraction of positrons gets trapped in smaller Zn vacancy related defects.
Positrons with implantation energies larger than 15 keV partly annihilate inside the ZnO buffer. The S parameter decreases steadily, while the W parameter increases indicating that the concentration of clusters is lower inside the buffer. 0.055-0.06, while S parameter continues decreasing gradually as more positrons annihilate in sapphire.
To rule out that the high (low) S (W) parameter is due to the formation of positronium, the Doppler spectra of sample RB2, which has the highest Cd and vacancy clusters content, have been decomposed using ACARFIT. 19 Two Gaussian components of 3 and 5 keV FWHM have been found which can be related to annihilation with valence electrons and core electrons, respectively. A very narrow component ( 1:5 keV) coming from the self-annihilation of para-Positronium 20 has not been found. ) . The thickness of the samples (film þ buffer) has been estimated as twice the mean implantation depth at the largest implantation energy before positrons start to annihilate in the substrate 16 (see Table I ). The thickness of the ZnCdO film has been estimated subtracting the thickness of the buffer. Finally, the thickness of the substrate has been assumed to be infinite. The W/S values (inset of Figure 3 ) lie over the Zn vacancy line indicating that within the ZnO buffer, where the Cd concentration is several orders of magnitude lower, the main positron traps are Zn vacancy related defects. Probably, there are also some vacancy clusters, specially in the region close to the interface with the ZnCdO film, but at a lower concentration than inside the film. In samples RB1, MB1, and MB2, where the Cd content is lower, the W/S values lie closer to the bulk value while the W/S values of samples RB2 and MB3, which have the highest Cd content, are closer to the Zn vacancy value and they are comparable to the value in the ZnO film.
C. Lifetime PAS
The positron lifetime inside the ZnCdO film has been measured for samples RB2 and MB2 using monoenergetic positrons with implantation energies between 0.5 and 18 keV. The average lifetime of positrons with the lowest implantation energy is long (! 400 ps) due to the contribution from positrons annihilating in surface states and positronium formed in the surface, but it decreases steadily as less positrons back-diffuse to the surface. At implantation energies between 5 and 15 keV, the average lifetime remains approximately constant at $270 ps in both samples. The spectra have been decomposed into three components after subtracting an appropriate source component composed by three Gaussians. 15 The longest lifetime component s 3 (1-3 ns, not shown) is related to the pick-off annihilation of positronium in the surface and positrons in surface states. Its intensity is maximum for low energy positrons and it decreases till its background value ($1%-2%) at energies larger than 5 keV. Figure 4 shows the positron lifetime results after subtracting the longest lifetime component from the average lifetime, s 0 ¼ s À s 3 I 3 , the average lifetime of positrons is $255-260 ps. In the sub-surface region, at depths below 0.1 lm (mean implantation depth z ¼ 0:05 lm, E 3 keV), s 0 increases up to 300 ps due to incomplete separation of the long lifetime. The second lifetime component, s 2 $ 350-400 ps, corresponds to annihilation in the vacancy clusters.
Its lifetime is around 2-2.4 times longer than in the bulk (170 ps). The ratio to the bulk lifetime is related to the size of the vacancy clusters. For monovacancies in semiconductors, its value ranges around 1.2-1.3, while it is higher for vacancy clusters. Vacancy clusters are estimated to be formed by 4-5 V Zn -V O missing pairs by comparing to lifetime ratios in SiC, where they were thoroughly studied. 22, 23 Vacancy clusters with a lifetime of 340 ps have been previously observed in bulk ZnO samples. 24 Its intensity remains approximately constant in both ZnCdO films (E $ 5-15 keV) around 40%-60%. On the other side, s 1 has a value of $200-210 ps and it is a mixture of annihilation in Zn vacancy related defects ($230 ps) and in the bulk. IV. DISCUSSION Figure 5 shows that the S parameter within the ZnCdO film, a good measure of the content of vacancy clusters, correlates well with the Cd content. The content of vacancy clusters is maximum within the ZnCdO film where the concentration of Cd is $10 21 cm
À3
. When the concentration of Cd decreases below 10 21 cm
, smaller Zn vacancy related defects become the main positron trap. In the buffer, where [Cd] is more than 2 orders of magnitude smaller than within the plateau, the Zn vacancy related complexes are the main positron traps.
The scheme of Figure 6 shows that the depth distributions of the high [Cd] plateau (the region above the red full line) and the positrons annihilating with high S parameter Cd plateau is $1 lm and it reaches the interface with the substrate, but the region with the highest vacancy clusters is restricted to a region $0.4 lm near the surface. At longer depths, the content of vacancy clusters decreases although the S (W) parameter remains higher (lower) than the value of the isolated Zn vacancy(S > 1.05, W < 0.78). Distinctly, in sample M0, the content of vacancy clusters remains high ($10 17 cm
) in the whole ZnCdO film while the plateau with high [Cd] is confined to the first 0.5 lm. Differences in the distribution of acceptor type vacancies near the interface with the substrate have been observed in films of ZnO 26 and GaN 27 depending on the growth polarity and the lattice mismatch. In the samples with a buffer layer, the strain is absorbed near the interface with the substrate and the defects do not propagate into the ZnCdO layer. On the other side, in the samples without buffer, the defects created near the interface effects near the substrate affect the distribution of vacancy clusters within the film.
A. Zn vacancies
The concentration of Zn vacancy related defects increases from $10 17 cm À3 inside the buffer up to $10
18 cm À3 inside the ZnCdO film when the concentration of Cd is $10 21 cm
À3
. The background value in the buffer is comparable to the concentration in the non-polar a-ZnO grown over r-sapphire.
It should be noted that the isolated Zn vacancies are mobile already at 600 K. 28 The Zn vacancies measured in as-grown samples must form complexes 24, 29 with another intrinsic defect or impurity or they must be stabilized at dislocations or grain/domain boundaries. The lifetime and the Doppler broadening parameters of the resulting complex are typically similar to the isolated Zn vacancy. The main candidate to form complexes with Zn vacancies are O vacancies. The O vacancy has a very small open volume and it has a donor nature so it does not trap positrons when it is isolated. But, V Zn -nV O can form stable complexes similar to the ones observed in InN. 30 The positron annihilation properties of the resulting defect complex would be similar to the isolated Zn vacancy. 
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Doppler results show that the as-grown vacancy clusters in ZnCdO films differ from the vacancy clusters introduced after irradiating ZnO with O ions 18 or N ions 21 specially in the W parameter. The S and W parameters for positrons annihilating in the vacancy clusters (saturated trapping) have been estimated using the annihilation fractions (g V Zn ¼ 0:49, g V Cl ¼ 0:35) obtained from the lifetime experiments. The S parameter S ¼ 1.14-1.16 is 15% larger than in the bulk and 10% than in Zn vacancies, while the W parameter W ¼ 0.38-0.47 is 50%-60% lower than in the bulk and 40%-50% lower than in the Zn vacancies. It is also lower than the W parameter in other vacancy clusters formed in irradiated samples and N þ implanted samples. This is in apparent contradiction with the high atomic number of Cd and indicates that a strong local rearrangement must occur when forming the vacancy clusters around the Cd atom which avoids that the positron annihilates with electrons from Cd. The Doppler broadening results suggest that the chemical environment is similar to the Zn vacancy related defects measured in asgrown samples, and the higher (lower) S(W) parameter is related to an increase of the open volume.
C. Interplay of defects and Cd
The equilibrium concentration of Zn vacancy type defects in as-grown ZnO films is typically one order of magnitude lower than in the ZnCdO films. They are mobile at relatively low temperature (600 K) and in as-grown samples they form complexes with other point defects, extended defects or impurities. The high concentration of Zn vacancies in ZnCdO shows that samples have a high concentration of other point(O vacancies) or extended defects (dislocations, grain/domain boundaries). The vacancy cluster is introduced, at least partly, by the agglomeration of smaller Zn vacancy related defects. They are created only when [Cd] is $10 21 cm
À3
, an indication that the vacancy clusters are created when the strain of the material is large. It should be noted that the vacancy clusters are created even when the concentration of Cd is below the thermodynamical limit.
Cd is preferentially incorporated to ZnO in substitutional position of Zn (Cd Zn ). It has a large ionic radius (92 pm) compared to Zn (74 pm) and its oxide (CdO) crystallizes in the cubic rocksalt structure (coordination number 6), instead of the hexagonal wurtzite of ZnO (coordination number 4). This increases the elastic and electrostatic energy and induces a strain in the ZnO crystal which is accommodated by the creation of structural defects or the creation of nanodomains with different Cd concentrations. 9 The accumulated strain will end up in the sample not being homogeneous any more when the Cd concentration increases above 8.5%.
V. CONCLUSIONS
Homogeneous non-polar ZnCdO films with Cd concentration ranging between 0.8%, below the thermodynamical saturation limit of 2%, and 5% have been studied by means of slow positron annihilation spectroscopy combined with chemical depth profiling by SIMS/RBS. Most Cd stays inside the ZnCdO film but while the high Cd concentration plateau reaches the interface with the buffer and the substrate in a-ZnO, it ends $0.4 lm before in m-ZnO. This difference has been linked to the high stability of the surface in m-ZnO.
On the other side, Cd diffuses up to 1.3 lm towards the ZnO buffer during the growth of the film but no differences have been found for the diffusion of Cd in a-ZnO and m-ZnO. 
